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It has been suggested that selenium deficiency is a co-factor to iodine deficiency in the pathogenesis of myxoedematous cretinism. The mechanism proposed is that the generation of hydrogen peroxide is greatly increased in iodine-deficient thyroid glands, and that selenium is involved in the control of hydrogen peroxide and its derived free radicals. This study was carried out to investigate the effect of the possibly impaired cellular defence mechanism associated with selenium deficiency on thyroid necrosis and tissue repair. For this purpose, we studied thyroid tissue from selenium-(SE\p=n-\)and/or iodine-deficient (I\p=n-\) rats before and after an acute toxic iodine overload. In I\p=n-\ thyroids, necrotic cells were numerous. Acute iodine administration increased this effect. Necrosis was associated with transient infiltration of inflammatory cells. In 1 \ p = n -\ S E + thyroids the tissue resumed its normal appearance. In 1 \ p = n -\ S E \ p = n -\ thyroid glands, the iodide toxicity was stronger, with greater necrosis and inflammatory reaction. The inflammation resolved but was replaced by fibrotic tissue. Fifteen days after the toxic overload, the connective tissue volume was twice the control value. Before iodide overload, the proportion of dividing cells was equal in 1\p=n-\SE+and 1\p=n-\SE\p=n-\ thyroids. Three days after the iodide overload, this proportion was increased in 1\p=n-\SE+thyroids but reduced in the 1 \ p = n -\ S E \ p = n -\ thyroids.
Overall, the 1 \ p = n -\ S E \ p = n -\ thyroids had four times fewer dividing cells than the 1 \ p = n -\ S E + thyroids. In summary, selenium deficiency coupled to iodine deficiency increased necrosis, induced fibrosis and impeded compensatory epithelial cell proliferation. These In some iodine-deficient areas, long-standing hypothy¬ roidism is accompanied by thyroid gland destruction instead of goitre formation (1) . These subjects develop overt and irreversible hypothyroidism associated with a clinical picture of myxoedema, dwarfism and mental retardation (2) . Although they are similar clinically to sporadic cretins, myxoedematous cretins do not have thyroid dysplasia or metabolic defects in thyroid hormone synthesis or metabolism (3) . Moreover, hypothyroidism has been shown to be reversible in young myxoedematous cretins (4) (5) (6) , suggesting that the destruction of the gland is a slow process (4) . 908 (3) . This suggests that the amount of functional tissue is reduced and is performing at the maximum of its capacity (3, 9) . The scattered aspect of the thyroids shown by scanning suggests a fibrosed gland (10) .
The prevalence of myxoedematous cretinism varies widely from one goitre-endemic area to another, and is not always associated with thyroid destruction (11) . To explain this discrepancy, the involvement of co-factors to iodine deficiency, such as goitrogens (e.g. thiocya¬ nate or flavonoids), and of autoimmunity (12, 13) has been suggested. More recently, selenium deficiency has been described in areas where the prevalence of myxoedematous cretinism is very high. Although the association is not reported everywhere (13) , it has been proposed that selenium deficiency may play a role as a co-factor to iodine deficiency in thyroid destruction (14, 15) . Indeed, most of the identified selenoproteins (i.e. glutathione peroxidase (GPX) (16, 17) , phospholipid hydroperoxide (Ph-GPX) (18, 19) and selenoprotein-p (20) ) and also organic selenium compounds like ebselen (21) are involved in antioxidant defences through their ability to reduce either H202 or other H202-derived free radicals and lipid peroxides (22) . Hydrogen peroxide is produced in large amounts in stimulated dog and human thyroids (23) , and therefore presumably also in iodine-deficient glands. Overproduction of H202 could also occur around birth, when, even in iodine-sufficient areas, the thyroid is stimulated.
Excessive free-radical generation has also been suggested to occur during iodine-induced goitre involution (24) . To Fig. 2A) , hypertrophy of the follicular epithelium, reduction of colloid, vasodilatation (Fig. 3A, C (Fig. 4) (Fig. 3A-D) reached control values, except for the remaining dead cells counted in the lumen (Fig. 4) .
Goitrous group I-SE-
In selenium-deficient goitrous rats, hyperplastic goitre was also typical (Plate 2B) and associated with severe hypothyroidism (Table 1) . However, as compared to I-SE± rats, the thyroid gland weight ( Fig. 2A) , the relative volume of connective tissue (Fig. 3B) , the number of necrotic cells and the aldehyde content (Fig.  4) were increased significantly (p < 0.01) while the PCNA index (1.9 ± 0.03% in SE-vs 2.1 ±0.4% in SE+) was similar. Iodide administration had a very strong toxic effect. At day 3 after iodide, necrotic cells were very common in the epithelial layer, and the lumen contained much necrotic debris (Plate 3B). Their number had more than doubled as compared to that observed before iodide administration, and tripled as compared to the goitrous selenium group (I-SE+) (Fig.   4A ). Increased necrosis was concomitant with increased aldehyde staining (Fig. 4B) (Fig. 4) . Necrotic cells decreased thereafter, but remained significantly elevated as compared with other groups; the aldehyde content remained elevated (Fig. 4) (Fig. 3B) , from day 3 up to day 26 , at the expense of epithelium (Fig. 3A) and colloid ( Fig. 3C ), which were both reduced significantly in volume as compared to the control thyroids.
Goitrous group I-SE-MMI
Methimazole administered to the iodide-and seleniumdeficient rats (I-SE-) blocked the acute iodide-induced cell necrosis and decreased aldehyde staining (p<0.05) 3 days after iodide overload. The PCNA index at day 3 after iodide administration was 1.5 ±0.3%, which is similar to the value in the I-SE-group before iodide administration and also to the I-SE-value at day 3 after iodide. Whilst the appearance and morphology of the thyroids were comparable to that in the I-SE± rats after day 15 ( Figs 2-4) , the aldehyde concentration was raised.
Discussion
The thyroid gland is one of the organs protected against selenium deficiency (37) . In the selenium-deficient condition, both the total selenium content and the activity of the type I deiodinase (which is one of the selenium-containing enzymes (38) (39) (40) ) are preserved more in the thyroid than in other organs, e.g. the liver and the kidney (41-43). However, selenium metabo¬ lism is also regulated at the cellular level. When this trace element is scarce, selenium is supposed to be incorporated preferentially in type I deiodinase to the detriment of glutathione peroxidase and the seleniummediated cell defences (37, (43) (44) (45) (46) (47) . The present data show that the thyroid gland remains sensitive to selenium deficiency despite its relative protection. They also show that selenium deficiency leads to some thyroid changes, even without iodine deficiency. When combined with iodine deficiency, it increases the amount of dead cells, aldehyde staining and fibrosis. The combined deficiencies render the gland much more sensitive to the toxic effect of iodine re-feeding. More 
Thyroid cell necrosis
The acute necrotic effect of iodine has been demon¬ strated in hypothyroid mice (25) (26) (27) and rats (28, 29) and in human thyroid follicles (24) . The iodine-induced necrosis occurs early after iodine administration and is transient.
The iodine-induced toxicity hypothesis (24) (Fig. 5) (Fig. 5) .
As judged by the morphology, iodine deficiency alone does not stimulate the production of enough free radicals (through, presumably, increased H202 genera¬ tion) to overcome the cell defences and induce massive Fig. 5 . The two toxicity hypotheses of the causes of cell necrosis in the iodine-deficient thyroid cell. The lower frame features the iodine toxicity hypothesis, where free radicals are generated when iodine is in excess. The upper frame features the selenium deficiency hypothesis, where free radicals are generated by cascade reaction of H202 and thyroperoxidase (TPO) (28) . It is probably not a major event in the process of goitre involution or in the rapid decrease in thyroid weight observed after iodine refeeding. It has been suggested that this weight decrease could be due to a decreased epithelial cell size (28) . The data from the present MMI-treated group support this hypothesis.
the iodine-deficient condition with or without selenium, both thyroid weight (50) and cell size are increased. After iodine administration, the thyroid weight decreased in both -groups but also in the MMI group, while these -treated thyroids escaped the iodide-induced necrosis. Therefore, the weight decrease observed early after iodine treatment is not related to the loss of thyroid cells through necrosis.
Inflammation and fibrosis
Cell necrosis is known to induce a transient inflamma¬ tory reaction (25, 26 , 51, 52), whereas apoptosis does not seem to do this (25, 53) .
In this experimental protocol, whatever the selenium supply, the inflammatory reaction after iodine overload was 
Concluding remarks
The results suggest that selenium deficiency alone leads to thyroid damage through free-radical generation and that selenium deficiency associated with iodine defi¬ ciency has a persistent damaging effect on the thyroid, which then becomes fibrotic if exposed acutely to a toxic agent like iodide.
The increased thyroid necrosis demonstrated pre¬ viously (30) (39, 40) . Supplementation with selenium alone worsens iodine deficiency and hypothyroidism, pre¬ sumably through increasing type 1 deiodinase activity (6, 58) , thereby decreasing T4, which is the precursor of the brain T3, and thus possibly increasing neurological damage. These conclusions warn us against selenium supplementation alone in areas of combined iodine and selenium deficiency.
